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A long, two-electron ten-center (2e /10c) [8 carbon plus 2 
oxygen] bond in diamagnetic dimers of radical-anion tetracya- 
no-l,4-benzoquinoneide (cyanil, |Q |‘ ), [Q]22 , is described by 
B3LYP and CASSCF(2,2)/MCQDPT calculations.
Long, multi-center C-C bonds have been the focus of 
several recent studies with reduced tetracyanoethylene, TCNE, 
being the prototypical example.1 6 [TCNE]22_ jt-dimers pos­
sess a long (~2.9 A) C-C bond involving two electrons and 
four carbon atoms (Fig. la).1 3 This bond results from the 
overlap of the [TCNE]" b2g SOMOs to form b2u [TCNE],2 
bonding (Fig. lb) and b )g antibonding orbitals that are 
respectively doubly occupied and empty in the singlet ground 
state. This long C-C bond has the same electronic properties 
as conventional covalent bonds, except for its intrinsic ener­
getic stability, which is mainly due to the cation+ • • -[TCNE]* 
attractive interactions that overcome the anion-anion plus 
cation-cation repulsive interactions.7
In addition to [TCNE]22_ other species exhibit sub-van der 
Waals separations suggestive of the presence of long, multi­
center C-C bonding. Examples include anionic species, e.g. 
7,7,8,8-tetracyano-/>-quinodimethanide, [TCNQ]* :s per- 
fluoro-TCNQ [TCNQFJ* :s'9 2,3-dichloro-4,5-dicyanoben- 
zo-quinonide, [DDQ]* :MU and tetracyano-1,4- 
benzoquinone {cyanil, [Q]• };11 cationic species, e.g. tetrathia- 
fulvalenium, [TTF]+:12 tetramethylphenylenediaminium, 
[TMPD] f :n and octamethylbiphenylenium:14 as well as neu­
tral radicals, e.g. substituted phenalenyl.5-15 However, detailed 
analyses of the properties of the long C-C bonding in these 
Tt-dimers have yet to be reported, and thus the consequences of 
the larger size, aromatic nature etc. of the interacting frag­
ments on the existence and properties of long C-C bonds have 
yet to be addressed. To gain a insight into these effects, here we 
report the electronic properties of the reduced cyanil Tt-dimers, 
[Q]22-. obtained by combining B3LYP density functional, 
CASSCF(2,2) and CASSCF(2,2)/MCQDPT calculations at 
the crystal geometry of [NEt4]2[Q]2. ' 1
The [N E tJ+ and [Fe(C5Me5)2]+ salts of [Q]* form slipped, 
C2h Tt-dimers, [Q]22 in the solid state that are displaced
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~2.5 A along the axis that contains the C-O bonds, and the 
average shortest intradimer C- • O and C- • -C separations are 
2.85 and 2.92 A respectively.1 ,J 6 These sub-van der Waals 
intradimer separations suggest the existence of some type of 
bonding interaction between the [Q]" moieties. The presence 
of this bond between the [Q]" moieties can be experimentally 
confirmed by solid-state magnetic susceptibility studies'1 that 
indicate that [Q]22 is diamagnetic, and also by solid-state 
electron paramagnetic resonance (EPR) studies that concluded 
that [Q]22 has a singlet ground state 8.8 kcal mol 1 below the 
triplet state.17 Therefore the long bond found in [Q]22 has the 
same electronic properties as conventional bonds, and has all 
the features of the long, intradimer bond found in [TCNE]22 \
[Q]“
IQJ22-
side view perspective view
The non-conventional nature of the long bond between the 
[Q]* moieties of [Q]22 is revealed by showing that the 
[Q]* - - [Q]“ interaction is energetically repulsive. The inter­
action energy computed at the B3LYP/6-31 ~G(d) level for an 
isolated C2h [Q]22 , present for [NEt4]2[Q]2, is always repulsive 
(Fig. 2).,s As occurs for [TCNE]22 \  a metastable minimum is
(a ) (b )
Fig. 1 Structure (a) and bonding (b) 2e ,4c b2ll HOMO of the 
jt-rrC N El,2- dimer.12
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Fig. 2 (a) Potential energy curve (as a function of the shortest 
interfragment C- • C distance, d, computed at the RB3LYP/6- 
31 + G(d) and UB3LYP/6-31 + G(d) levels for the CSS and OSS states 
of the C2h [Q]22_ and D2h [TCNE]22_ dimers (all curves dissociate into 
two radical anions), (b) Potential energy curve for the dissociation of 
a [NEt4]2[Q]2 aggregate into two ([NEt4] + - • -[Q]- ) units, computed at 
the UB3LYP/6-31 +G(d) level.
found at the RB3LYP level for the closed-shell singlet (CSS) 
state. However, the metastable minimum disappears at the 
UB3LYP level where the singlet has a non-negligible open- 
shell nature which becomes more important as the intradimer 
distance increases. For C • C = 3.0 A the UB3LYP natural 
orbital population has occupation numbers of 1.59 and 0.61 
for the HOMO and LUMO orbitals, respectively, and the 
expectation value of S2 is 0.66, but both occupation numbers 
become almost 1.0 above 4 A, where the expectation value of 
S2 also becomes 1.0 (Fig. S it shows the variation of the 
expectation value of S2 for the Fig. 2a and b UB3LYP curves; 
for the RB3LYP curves S2 = 0 everywhere). Thus, the singlet 
computed at the UB3LYP level is mostly an open-shell singlet 
(OSS),19 which only becomes a CSS close to 2.5 A (see Fig. 
S it). Note that the UB3LYP interaction energy curve for 
lowest energy triplet state is nearly degenerate with that for
OSS. Finally, at the same distance and method, the [TCNE]22- 
curves are lower in energy than those for [Q]22_. This is 
attributed to the greater energy required by the [Q]*-  to bend, 
due to its ring structure.
If the [Q]*- - • -[Q]*_ interaction is energetically repulsive, 
why are there short (2.883 A) [Q]22- intradimer separations?
Similar to that shown for the [TCNE]22- dimers, their ex­
istence can be mostly attributed to the attractive 
cation+ - • -[Q]22- interactions exceeding the anion-anion and 
cation-cation repulsive interactions. This fact can be already 
manifested in [NEt4]2[Q]2  aggregates found in the crystal, 
which can be seen as the minimum units from which the 
crystal is generated after applying various symmetry opera­
tions. At their crystal geometry the interaction energy com­
puted for these aggregates is —124.4 kcal mol-1 at the 
RB3LYP/6-31 + G(d) and UB3LYP/6-31 + G(d) levels, which 
becomes -120.5 kcal mol-1 after correcting the basis-set 
superposition error (BSSE) using the counterpoise method.20 
The stabilizing nature of the interaction energy results from 
adding the four attractive [NEt4] + • • -[Q]#_ interactions 
(—56.2, —51.8, —51.8 and —56.0 kcal mol-1) and the repulsive 
[NEt4] + • • -[NEt4]+ and [Q]*“ • -[Q]*-  interactions (27.0 and
55.0 kcal mol-1 respectively). Note that the singlet is closed- 
shell in the RB3LYP calculations while, as noted above, it is 
has a non-negligible open-shell character in the UB3LYP 
calculations. The stability of a [NEt4]2[Q]2  aggregate can be 
further noted by fully optimizing its geometry at the RB3LYP 
or UB3LYP levels (a minimum was found at the RB3LYP 
level in which the optimum intradimer C • C distance is 3.064 
A). It can also be seen by looking at the UB3LYP potential- 
energy curve for its dissociation into two [NEt4] + • • -[Q]#_ 
units, see Fig. 2b.
The stability of the [NEt4]2[Q]2  aggregate explains the 
intradimer bonding despite the repulsive nature of the 
[Q]* • • ’[Q]* interaction and their long distance. At 2.883 A 
the SOMO orbitals of the two [Q]*-  moieties overlap to form 
bonding and antibonding MOs (Fig. 3), and the bonding 
orbital becomes doubly occupied in the ground-state singlet, 
as for conventional covalent bonds. This explains the observed 
diamagnetism of the [Q]22- dimers. Note that in the bonding 
orbital the two SOMO orbitals overlap via five in-phase 
components {i.e. ten centers) to make three in-phase C- • C 
and two in-phase G  • O overlaps. This indicates that the long 
bond present in these [Q]22- dimers is a 2-electron/ 
10-center bond.
It was also observed21 in 7r-[TCNE]22- dimers that part of 
the stability of cation2[TCNE]2 aggregates originated from 
correlation interactions that cannot be described at the 
B3LYP level, but are properly described at the 
CASSCF(2,2)/MCQDPT level. Therefore, CASSCF(2,2)/ 
MCQDPT calculations were also performed for the 
[NEt4]2[Q]2 aggregates, using the 6-31 + G(d) basis set and 
the active space shown in Fig. S3 (the bonding and antibond­
ing combinations of the SOMO orbitals of [Q]* ).t  Due to 
computational restrictions they were carried out by substitut­
ing the [NEt4]+ cations by K + placed in the position of the N 
and maintaining [Q]22_ in the same location. The resulting 
K2[Q]2 aggregates have a CASSCF(2,2)/MCQDPT interaction 
energy of —92.4 kcal mol-1, of the order of that reported 
above at the B3LYP level for the [NEt4]2[Q]2 aggregates. The 
reduced stability is due to the non-optimum position of the 
K + cations, as noted by the UB3LYP interaction energy of the 
K2[Q]2 aggregates being -117.1 kcal mol-1. As also found for 
[TCNE]22- at the CASSCF(2,2)/MCQDPT level, the ground 
state for [Q]22- is a closed-singlet state in agreement with
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Fig. 3 Geometry of the [NF.tJiQi aggregate indicating the (3.-1) 
bond critical points and atoms bonded (top). MO diagram showing 
how the SOMO orbitals of [Q]*~ combine to generate the [Qb2~ dimer 
bonding and antibonding orbitals (bottom). In the ground, closed- 
shell singlet state of the dimer the bonding orbital is the double 
occupied HOMO.
[NEt4]2[Q]2 being diamagnetic. This diamagnetism is not 
found from the UB3LYP calculations at the crystal geometry 
(as seen in Fig. 1, the OSS is more stable than the CSS at the 
aggregate crystal geometry).
The characteristics of the long C-C bonds formed within the 
[Q]22~ were finally investigated by atoms-in-molecules22 
(AIM) calculations (Tables S1-S2 and Fig. S2+). An AIM 
analysis of the (3,—I) bond critical points in the aggregate was 
done on the RB3LYP wavefunction, as this is the wavefunc- 
tion that corresponds to the experimental singlet ground state 
and is the best theoretical method. It shows five bond critical 
points: two C- ■ O and three C- ■ -C. Thus, the long bond 
involves two electrons and 10 centers, 8 C and 2 O.
Thus, the analysis of the observed sub van der Waals 
interactions for [Q]22~ and the deviations from planarity for 
the [O]*- moieties obtained in the RB3LYP optimizations and 
the analysis of the qualitative MO diagram obtained from 
B3LYP and CASSCF(2,2)/MCQDPT calculations reveal in­
tradimer bonding between the [Q]22~ fragments at a distance 
of 2.883 A in accord with that observed for jt-[TCNE]2i_ . In 
addition to the orbital overlap and correlation, the stability of 
this unconventional intradimer [Q]22~ bond also comes from 
the cation- ■ -anion interactions, whose sum must exceed the 
sum or repulsive electrostatic interactions. At 2.883 A, the 
SOMO orbitals of the two [Q]*_ moieties overlap to form 
bonding and antibonding MOs (Fig. 3) with five components.
3 C- ■ C and 2 C- ■ O, in agreement with the results of AIM 
calculations. This overlap explains the observed diamagnetism 
of the [Q]22“ dimers, and similar bonding occurs for 
[chloranil]22~ and [2,3-dichloro-5,6-dicyanobenzoquinone]22~, 
and it is also similar to that found in conventional 
covalent bonds.
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